Fluorescence in situ hybridization (FISH) using rRNA targeted oligonucleotide probes is a standard method for identification of microorganisms in environmental samples. Apart from its value as a phylogenetic marker ribosomal RNA has always been the favoured target molecule for FISH because of its abundance in all cells, whereas plasmids and DNA were regarded as unsuitable targets because of their low copy number. Here we present an improved FISH technique, which is based on polynucleotide probes. It goes beyond the detection of high copy intracellular nucleic acids such as rRNA (up to 10 4 ----10 5 copies per cell) and allows for the first time the in situ detection of individual genes or gene fragments on plasmids (10 1 ----10 3 copies per cell) and chromosomal DNA ( < 10 copies per cell) in a single cell. Using E. coli as model organism we were able to detect in situ cells harbouring the antibiotic resistance gene beta lactamase on high, medium and low copy plasmids as well as the chromosomal encoded housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Furthermore, we detected the prepilin peptidase gene xpsO in the plant pathogen Xanthomonas campestris in situ . Because of the characteristic hybridization signal obtained with this method -a halo-like, ringshaped concentration of fluorescence in the cell periphery -we coined the term RING-FISH ( r ecognition of in dividual g enes) to differentiate it from conventional FISH.
Introduction
Fluorescence in situ hybridization is now a widely accepted central method in microbial ecology. However, a drawback of classic rRNA targeted, oligonucleotide probe based FISH is the limited detection of cells with a low ribosome content (DeLong et al ., 1989 , Amann et al ., 1995 , which can represent a considerable fraction of total cells in any environmental sample. A number of strategies have been employed to circumvent this problem, including the use of several oligonucleotide probes targeting the same organism to produce an additive effect on signal intensity (Morris et al ., 2002) or enzyme-mediated signal amplification (Schönhuber et al ., 1997) . A few years ago rRNA targeted polynucleotide transcript probes were introduced (Trebesius et al ., 1994) . These multiple labelled RNA probes have subsequently been shown to be superior to oligonucleotide probes regarding their signal intensity and the detection of cells with low ribosome content (DeLong et al ., 1999; Pernthaler et al ., 2002) . This suggested the investigation of whether these probes could be used to detect other nucleic acids present in lower copy numbers than rRNA, i.e. plasmids and ultimately genomic DNA.
Whereas rRNA targeted probes allow a taxonomic identification of organisms in an environmental sample, addressing the genetic information encoded in the chromosomal or plasmid DNA would permit analysis of the metabolic potential of an organism. Previous approaches to this task include in situ PCR (Hodson et al ., 1995) and detection of mRNA (Wagner et al ., 1998) . Indirect evidence of genes coding for certain metabolic capabilities can be gained from monitoring the uptake of radioactively labelled substrate in combination with FISH (fluorescence in situ hybridization-microautoradiography, FISH-MAR, Lee et al ., 1999 and Ouverney and Fuhrman, 1999) . Whereas mRNA detection and FISH-MAR are limited to metabolically active genes, in situ PCR can make use of the complete genome. Yet this technique is hampered by the problematic balance between sufficient permeability of the cell envelope to enable the polymerase to access the cell and sufficient cell integrity to prevent efflux of PCR product.
The present work describes the modification of polynucleotide probe based FISH to enable the detection of chromosomal or plasmid encoded genes in situ , a completely new approach, which opens the door to a wide range of clinical and ecological applications.
Results

Polynucleotide probes
The polynucleotide probes used for RING-FISH consist of single stranded RNA generated via in vitro transcription. During the transcription they are labelled either with a fluorochrome, biotin or digoxigenin with a labelling density of about 1 labelled nucleotide every 10-20 nt . For rRNA targeted FISH polynucleotide probes ranging in length between 50 nt and 1200 nt have been described (Trebesius et al ., 1994; DeLong et al ., 1999; Pernthaler et al ., 2002; Zwirglmaier et al ., 2003) . The probes used in this study comprised an 840 nt fragment of the plasmid encoded beta lactamase gene a 338 nt fragment of the E. coli glyceraldehyde-3-phosphate dehydrogenase gene and a 140 nt fragment of the Xanthomonas campestris xpsO gene.
Fluorescence in situ hybridizations with polynucleotide probes usually exhibit a halo or corona-like signal, i.e. a concentration of the fluorescently labelled probe in the cell periphery (Trebesius et al ., 1994) . This is especially conspicuous, if high concentrations of probes are used. Previous studies indicated that this halo is caused by the probes forming a network around the cell, which is anchored at the probe specific target sequence inside the cell (Zwirglmaier et al ., 2003) . The network is based on complementary regions within the single stranded polynucleotide probe forming secondary structures. During the initial denaturation step these secondary structures are dissolved. The conditions during the hybridization that follows would allow renaturation of complementary regions within a probe molecule. But, considering the large number of identical probe molecules in a hybridization, it has to be assumed that complementary regions not within one, but between several probe molecules, anneal thereby interlinking the probes and forming a network, which is connected to the target sequence via one partially bound probe. Because of the limited permeability of the cell envelope only few probe molecules can enter the cell, leading to a concentration of interlinked probes around the target cell. Probe networks that are not anchored at the intracellular target sequence will be removed during subsequent washing steps. This 'network hypothesis' was supported by a number of control experiments (Zwirglmaier et al ., 2003) .
This concept of a network allows the number of probe molecules contributing to the signal to greatly exceed the number of target molecules and thus to amplify the signal intensity.
Detection of plasmid encoded genes
An 840 nt fragment of the beta lactamase gene was amplified by PCR and transcribed in vitro to generate the RNA probe. The beta lactamase gene is a common component of many cloning vectors, which confers ampicillin resistance to the organism and serves as a selection marker.
In situ hybridizations were performed with E. coli cells harbouring either the high copy plasmid pCR2.1 (200-500 copies per cell, Invitrogen, USA), the medium copy number plasmid pBBR1MCS4 (30-50 copies per cell, Kovach et al ., 1995) or the low copy number plasmid pUN121 (15-20 copies per cell, Nilsson et al ., 1983) . After adjusting the hybridization parameters to an 18-24 h hybridization period with a probe concentration of 250-350 ng m l -1 and a formamide concentration of 10-15% positive hybridization signals were observed with E. coli cells harbouring any of the three vectors but not with the negative control ( N. canis , Fig. 1) or the E. coli strain without the plasmid. The signal intensity of the plasmid targeted probes was slightly lower than with rRNA targeted polynucleotide probes, but did not vary significantly among the three plasmids. The fluorescence signal usually, but not always, had the shape of a halo. Occasionally, cells with a very bright fluorescence signal were observed (indicated by arrows in Fig. 1 ). These cells appear brighter in phase-contrast and are turgid, possibly as a result of the breakdown of cell integrity with a subsequent increased influx of probe and intracellular accumulation of probes.
Detection of chromosomal encoded genes
After the method had been established for probes targeting plasmids with different copy numbers, it was possible to extend its applicability to chromosomal DNA. With a single copy gene as probe target, 1-5 copies (with the copy number of the bacterial chromosome depending on the growth stage of the cell) of the target sequence are available.
Probe GAP-F targets a 338 nt fragment of the E. coli glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a common housekeeping gene, which codes for a key enzyme in the glycolytic pathway and has been subject of several phylogenetic analyses (Lawrence et al ., 1991; Liaud et al ., 1994; Brown et al ., 2000) . Extending the hybridization period to 24-30 h and decreasing the formamide concentration in the hybridization buffer to 5-10% resulted in positive ring-shaped hybridization signals for E. coli cells. No signal was observed with the negative control ( N. canis ) (Fig. 2) . Some target cells failed to be detected by the probe. This has also occasionally been observed with plasmid targeted probes, although to a lesser extent. A possible explanation may lie in differences in the target accessibility due to conformational changes of the DNA (supercoiled or open circular) during different phases of bacterial growth.
A second example of in situ detection of chromosomal encoded genes was established with a Xanthomonas campestris specific polynucleotide probe. Probe Xc-c. has a length of 140 nt and targets a fragment of the X. campestris xpsO gene, a type IV prepilin leader peptidase and putative virulence factor of the plant pathogen X. campestris (Mehlen, 2003) Probe specificity was again confirmed by using a mixture of morphologically distinguishable X. campestris and N. canis cells. Positive hybridization signals were only observed with X. campestris (Fig. 3) . 
Control experiments
To validate the findings with plasmid and chromosomal DNA targeted polynucleotide probes several control experiments were introduced.
(i) All hybridizations were carried out with a mixture of morphologically distinguishable cells (rod-shaped E. coli or Xanthomonas campestris and coccoid Neisseria canis ) to verify the specificity of the probe. Only the target cells ( E. coli or X. campestris ) cells showed a positive hybridization signal (Figs 1-4) .
(ii) To exclude the possibility that the signals are artefacts based on the secondary detection of biotin labelled probes via streptavidin-fluorescein or of digoxigenin labelled probes via antidigoxigenin-fluorescein, the experiments were repeated with probes labelled directly with either fluorescein or Cy3, thus avoiding the secondary detection step. The results with all types of labelling were identical.
(iii) To exclude the possibility of unspecific probe binding to cell structures in E. coli other than the target DNA the plasmid targeted probe betaLact was applied to both E. coli cells carrying plasmid pCR2.1 and the same E. coli strain without the plasmid. A positive hybridization signal was only observed for cells carrying the plasmid.
(iv) To exclude the possibility that the signal resulted from the probe binding to mRNA, sense probes were generated for probes betaLact and GAP-F, which have the same sequence as the respective mRNA. Using only the sense probe should not lead to a positive hybridization signal if previous findings had solely been based on the binding to mRNA. DNA, on the other hand, binds both sense as well as antisense probe. Hybridization experiments with both probes resulted in positive hybridization signals. There was no significant difference in signal intensity compared to the antisense probes. Therefore, it can be stated that the signal is not exclusively based on binding to mRNA, although it cannot be excluded that the binding to mRNA contributes to the signal. An attempt to clarify this by destroying the mRNA before the hybridization with RNase treatment failed. It was not possible to completely remove the RNase afterwards, which then resulted in a degradation of the RNA polynucleotide probe. An example of a hybridization with a sense probe is shown in Fig. 4 .
Combination of RING-FISH and classic oligo-FISH
To assess the genetic potential or metabolic function of defined species in an environmental sample, the combination of classic rRNA targeted oligo-FISH and DNA targeted RING-FISH would be desirable. Despite the different reaction parameters, the two techniques were Fig. 3 . Fluorescence in situ hybridization using probe Xc-c., which targets a 140 nt fragment of the chromosomal encoded X. campestris xpsO gene. The biotin labelled probe was detected with streptavidin-Cy3. The probe binds specifically only to X. campestris cells (rods), leaving the N. canis cells unstained. shown to be compatible. In a two-step hybridization the in situ detection of genes can be combined with a taxonomic identification of the respective organism by conventional FISH using rRNA targeted oligonucleotide probes. In the example shown in Fig. 5A a hybridization of E. coli carrying plasmid pCR2.1 with the Cy3-labelled polynucleotide probe betaLact was followed by a second hybridization using fluorescein labelled oligonucleotide probe Eub338 (Amann et al., 1990) , which targets 16S rRNA, positions 338-355.
Discussion
The method presented here breaks new ground in the field of fluorescence in situ hybridization, offering for the first time the possibility to address any part of the genetic material of a bacterial cell in situ, regardless of copy number and metabolic activity.
Crucial parameters that set RING-FISH apart from classic FISH using rRNA targeted oligonucleotide probes are: (i) the significantly prolonged hybridization period of 18-24 h for plasmid and 24-30 h for chromosomal DNA targeted probes (compared to 1.5-2 h for oligo-FISH); and (ii) the extremely high amount of probe (3-5 mg per hybridization for RING-FISH compared to 30-50 ng for oligo-FISH).
Reducing either the hybridization time or the probe concentration promptly abolishes the positive hybridization signals. Equally important is the denaturation step before the hybridization. Extending the hybridization period beyond 30 h was found to result in unspecific signals, possibly caused by a gradual degradation of the RNA probe and a subsequent unspecific binding of the shorter fragments.
With the feasibility to detect individual genes in situ, this new technique offers a wide variety of applications not only in environmental but also in medical microbiology.
Using DNA targeted polynucleotide probes in combination with rRNA targeted olignucleotide probes allows the detection of specific genes in environmental or clinical samples, e.g. virulence factors, antibiotic resistance, etc., with simultaneous taxonomic identification of the organisms carrying these genes. Targeting the genomic DNA rather than mRNA RING-FISH is not restricted to genes that are metabolically active under the given environmental conditions.
The metabolic and genetic potential of uncultured members of bacterial communities can be analysed using conserved structural genes and operons as probe targets (e.g. nitrogen fixation, bacterial photosynthesis, carbon fixation, etc.). Cases of horizontal gene transfer could be disclosed by detecting the respective gene and simultaneously identifying the organism harbouring it.
Conclusions and future prospects
Further experiments and optimization of the reaction parameters should allow an assessment of the full potential of this new technique. One question that remains to be answered is how much sequence variability is necessary to get specific hybridization signals. With the increasing amount of available sequence data phylogenetic in situ analyses based on conserved genes analogous to the classic rRNA targeted oligo-FISH are conceivable.
Because the formation of secondary structures seems to be a vital factor for RING-FISH, the possibility to use probes consisting of a short target sequence connected to a nonsense tail with a defined secondary structure might be explored.
Previous studies have shown that polynucleotide probes can be used for culture independent enrichment of cells by capturing probe labelled cells via the probes located on the cell exterior (Stoffels et al., 1999) . Our ongoing studies indicate that this concept of cell fishing is also applicable for DNA-targeted probes (Zwirglmaier et al., 2003) . This would allow isolation of cells based on any DNA encoded trait.
In summary, we believe that RING-FISH has the potential to become a valuable tool in the fields of microbial ecology and medical microbiology.
Experimental procedures
Cell fixation
Cell were fixed with paraformaldehyde (PFA) as described previously (Stoffels et al., 1999) .
Primers
The sequences of the PCR primers used in this study were as follows: for plasmid targeted probe betaLact: forward primer betaLact-V 5¢-GAG TAT TCA ACA TTT CCG-3¢ and reverse primer betaLact-RT3 5¢-ATA GGT ATT AAC CAC TAA AGG G ACC AAT GCT TAA TCA GTG-3¢; for the sense probe betaLact-sense: forward primer betaLact-VT3 5¢-ATA GGT ATT AAC CAC TAA AGG G GAG TAT TCA ACA TTT CCG-3¢ and reverse primer betaLact-R 5¢-ACC AAT GCT TAA TCA GTG-3¢; for the E. coli chromosomal DNA targeted probe GAP-F: forward primer GAP-F-V 5¢-CTA ACA AAT AGC TGG TGG-3¢ and reverse primer GAP-F-RT3 5¢-ATA GGT ATT AAC CAC TAA AGG G CA GTT TCG TCA GTC AGG A-3¢; for the Xanthomonas campestris DNA targeted probe Xc-c. forward primer Xantho6.8-V 5¢-ACA ACC TCT ACA TGC CAG-3¢ and reverse primer Xantho6.8-RT3 5¢-ATA GGT ATT AAC CAC TAA AGG G CGC AGC CAG CAA CTT GAA-3¢ (Mehlen, 2003) . The underlined sequence represents the binding site of the T3-RNA-polymerase, necessary for the subsequent in vitro transcription.
Generation of polynucleotide probes
The probe sequence was amplified by PCR using the primers as stated above. The PCR was performed according to the following protocol: 100 ng genomic DNA, 50 pmol of each primer, 80 nmol dNTP, 10¥ PCR-buffer (Takara Suzo, Otsu, Japan) and 3 U Taq-polymerase (Takara rTaq) were used in a volume of 100 ml. Initial denaturation of 3 min, 94∞C was followed by 30 cycles of 1 min denaturation at 94∞C, 1 min annealing at 50∞C, 1 min primer extension at 72∞C and a final elongation step of 5 min at 72∞C. The PCR products were purified using the QIAquick PCR purification kit (QIAGEN, Hilden, Germany) following the manufacturer's recommendations. Purified PCR product (1-2 mg) was used for the in vitro transcription. During the transcription the RNA was labelled with either biotin, digoxigenin or fluorescein through incorporation of biotin-16-UTP, digoxigenin-11-UTP or fluorescein-12-UTP (all Roche, Mannheim, Germany) respectively. The transcription reaction mix contained 200 nmol NTP (ATP, CTP, GTP, unlabelled UTP, labelled UTP (Roche, Mannheim, Germany) in a ratio of 1:1:1:0.35:0.65), 3 ml 10¥ transcription buffer (Roche), 3 ml T3-RNA-polymerase (Roche), 1.5 ml RNase inhibitor (Roche) and 1-2 mg PCR product in a final volume of 30 ml. The transcription was carried out at 37∞C for 3-4 h. To remove residual DNA template, 3 ml RNase-free DNase was added and incubated 15 min at 37∞C. The enzyme was inactivated by adding 3 ml 0.2 M EDTA. The RNA was precipitated with 16 ml 10 M sodium acetate and 156 ml absolute ethanol for 2 h at -20∞C. After centrifugation (15 min, 10 000 g, 4∞C) and washing with 70% ethanol the RNA probe was resuspended in 30 ml H 2 O and its correct size and integrity checked on an agarose gel. The transcript probes can be stored at -20∞C for 2-3 months.
Fluorescence in situ hybridization with polynucleotide probes PFA fixed cell suspension (5 ml) was immobilized on 10-well glass slides (Marienfeld, Germany) by drying at 60∞C for 10 min. Cells were dehydrated in 50%, 80% and 96% ethanol (2min each) and covered with 12 ml of hybridization buffer (containing 75 mM NaCl, 0.01% SDS, 20 mM Tris, 10-15% formamide for probe betaLact or 5-10% formamide for probe GAP-F) plus 3 ml (1 mg ml -1 ) polynucleotide probe. To avoid evaporation of the buffer during the following incubation steps, the slides were stored in isotonically equilibrated chambers. After incubation at 80∞C for 20 min the hybridization was carried out at 53∞C for 18-24 h (plasmid targeted probe betaLact) or 24-30 h (genomic DNA targeted probe GAP-F) and terminated by rinsing the slide with distilled water.
If fluorescently labelled probes were used, the cells could be analysed directly with an epifluorescence microscope. Biotin labelled probes were detected with streptavidinfluorescein or streptavidin-Cy3, whereas antidigoxigeninfluorescein was used for detection of digoxigenin labelled probes according to the manufacturer's (Roche, Germany) recommendations.
Fluorescence in situ hybridization with oligonucleotide probes
FISH with oligonucleotide probes was performed as described previously (Snaidr et al., 1997) in a separate hybridization step following the hybridization with polynucleotide probes. Probe Eub338 (5¢-GCTGCCTCCCGTAG GAGT-3¢ (Amann et al., 1990) was used with a formamide concentration of 20% in the hybridization buffer.
Fluorescence microscopy and image analysis
Slides were mounted in antibleaching mounting medium (Vectashield, Vectorlabs, USA) and analysed with an epifluorescence microscope (Axioplan, Zeiss, Germany) and appropriate filtersets for Cy3 and fluorescein. Images were taken using a CCD camera (CCD 1035 ¥ 1317, Princeton Instruments, USA) in combination with the WinView image software (version 2.1.7.6., Princeton Instruments, USA) and pseudo-coloured with Adobe Photo Deluxe, BE 1.0.
